Molecular simulation techniques are increasingly being used to study biomolecular systems at an atomic level. Such simulations rely on empirical force fields to represent the intermolecular interactions. There are many different force fields available-each based on a different set of assumptions and thus requiring different parametrization procedures. Recently, efforts have been made to fully automate the assignment of force-field parameters, including atomic partial charges, for novel molecules. In this work, we focus on a problem arising in the automated parametrization of molecules for use in combination with the gromos family of force fields: namely, the assignment of atoms to charge groups such that for every charge group the sum of the partial charges is ideally equal to its formal charge. In addition, charge groups are required to have size at most k. We show N P-hardness and give an exact algorithm capable of solving practical problem instances to provable optimality in a fraction of a second.
Introduction
In the context of drug development, biomolecular systems such as proteinpeptide [29] , protein-ligand [24] and protein-lipid interactions [8] can be studied with the use of molecular simulations [2, 26] using a force field model that describes the interatomic interactions. Many biomolecular force fields are available, including amber [10], charmm [9], opls [16] and gromos [19, 21, 23] . These force fields have in common that the non-bonded intermolecular interactions are represented in terms of interatomic pair potentials.
Typically, the number of atoms in biomolecular systems are in the range of 10 4 to 10 6 . To observe relevant biological phenomena, time scales in the order of nano-to milliseconds need to be simulated. For such large-scale systems, evaluating all atom-atom interactions is practically infeasible. One way of dealing with this is to only consider interactions of atoms whose distance is within a pre-specified cut-off radius. Since not all interactions are considered, an error is introduced. The magnitude of the error due to omitting atom-atom interactions is inversely proportional to the distance between the atoms. More problematically, there are discontinuities as atoms move in and out of the cut-off radius.
Errors and discontinuities are reduced by combining atoms into charge groups, for which individual centers of geometry are determined. If the distance between two centers of geometry lies within the cut-off distance then all interactions between the atoms of the involved charge groups are considered. Ideally, charge groups should be neutral as interactions are then reduced to dipole-dipole interactions that scale inversely proportional to the cubed interatomic distance. Charge groups should not be too large. This is because the effective cut-off distance of an individual atom in a given charge group is given by the cut-off distance minus the distance to the center of geometry of the charge group. If the distance of an atom to the center of geometry becomes large, the effective cutoff becomes small, leading to errors and discontinuities as described above. For the same reason, charge groups should be connected as interatomic bonds indicate spatial proximity.
To simulate a molecule, a force field requires a specific topology, which includes the atom types, bonds and angles, the atomic charges and the charge group assignment. Most biomolecular force fields come with a set of topologies for frequently simulated molecules such as amino acids, lipids, nucleotides and cofactors. Novel molecules and compounds, however, require the construction of novel topologies. Such a situation occurs, for instance, when assessing the binding affinity of a novel drug-like compound to a certain protein.
Manually building topologies for novel compounds is a tedious and timeconsuming task especially when a large chemical library needs to be screened, for example when determining binding affinities for large sets of potential drug compounds to a newly discovered protein target. Therefore, automated approaches are needed.
Here, we focus on the gromos family of force fields, which has been specifically tailored to simulate biochemical processes, including protein-drug binding and peptide folding. A widely used topology generator for the gromos force field is prodrg [22] . However, the charge group assignment by prodrg for amino acid topologies contained several large charge groups comprising disconnected atoms, which is inconsistent with gromos [17]. The Automated Topology Builder (atb) is a recent method for automated generation of gromos topologies [18] . The assignment of atomic charges and charge groups by the atb proceeds in three consecutive stages. Firstly, partial charges are computed using quantum calculations. Subsequently, the symmetry of the molecule is exploited to ensure
